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Response of the collecting duct to disturbances of acid-base and
potassium balance. With light microscopy and scanning electron
microscopy, the epithelium of the collecting duct was examined
in rats with acute and chronic acid-base disturbances, hypoka-
lemia, hyperkalemia, and during osmotic diuresis and hydro-
penia. Acid-base disturbances included acute respiratory acido-
sis, acute metabolic alkalosis, and chronic metabolic acidosis.
Two groups of hypokalemic animals were studied, those with
and those without an associated metabolic alkalosis. After the
appropriate physiologic data were collected, all kidneys were
preserved for morphologic evaluation by in vivo intravascular
perfusion fixation. The percentage of intercalated cells in the epi-
thelium of the collecting duct in the cortex and Outer medulla of
each kidney was determined by light microscopic examination of
1-.t-thick Epon sections stained with toluidine blue. Qualitative
observations were performed with scanning electron micros-
copy. Intercalated cells represented 36 to 40% of the epithelial
cells forming the collecting duct in the cortex and outer and inner
stripes of the outer medulla in control animals during hydropenia
and during mild osmotic diuresis. No experimental condition
studied was found to influence significantly the actual or relative
number of intercalated cells, or their distribution in the collecting
duct. The hypertrophy of both principal cells and intercalated
cells in potassium-depleted animals occurred in both the pres-
ence and the absence of metabolic alkalosis. Conclusion. Under
the conditions of this study, intercalated cells represent a con-
stant population of epithelial cells in the rat collecting duct, and
intercalated and principal cells represent distinct cell types, each
defined by rather constant morphologic features. Contrary to
previous reports, no evidence was found that a disturbance of
hydrogen ion and potassium balance is associated with a con-
version of principal to intercalated cells in the collecting duct.
Reponse du canal collecteur aux modifications du bilan acido-
basique et du potassium. Lëpithélium du canal collecteur du rat
a été étudié en microscopie optique et en microscopie élec-
tronique a ba!ayage chez des animaux soumis a des modifica-
tions aigues ou chroniques de l'equilibre acido-basique, en hypo-
kaliemie, en hyperkaliemie, au cours de Ia diurèse osmotique et
au coors de l'hydropenie. Les modifications de l'équilibre acido-
basique étaient l'acidose respiratoire aigue, l'alcalose mdtabo-
lique aigue et l'acidose metabolique chronique. Deux groupes
d'animaux hypokaliemiques ont etC etudies, les tins avec et les
autres sans alcalose metabolique associde. Apres que les infor-
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mations adequates aient etd recueillies, tous les reins ont Ctd
prdpares pour l'étude morphologique par fixation in vivo par
voie intravasculaire. Le pourcentage de cellules intercalaires
dans l'dpithelium du canal collecteur dans Ic cortex et Ia mCdul-
laire externe de chaque rein a etC déterminC par l'étude en mi-
croscopie photonique de coupes de 1 .t dans l'epon, colorCes par
Ic bleu de toluidine. Les informations qualitatives ont etC oh-
tenues par microscopic electronique a balnyage. Les cellules in-
tercalaires représentent 36 a 40% des cellules epithCliales for-
mant le canal collecteiir dans le cortex et les regions externe et
interne de Ia mCdullaire externe chez les animaux contrOles au
cours de l'hydropenie et de Ia diurése osmotique. Aucune des
conditions experimentales étudiées na paru influencer signifi-
cativement Ic nombre reel ou relatil de cellules intercalaires, ou
leur distribution dans les canaux collecteurs. L'hypertrophie a Ia
fois des cellules principales et des cellules intercalaires chez les
animaux ddplétCs en potassium est observée aussi bien en pre-
sence qu'en l'absence d'alcalose métabolique. Conclusion. Dans
les conditions de cette étude. les cellules intercalaires reprC-
sentent une population constante de cellules epithCliales du canal
collecteur de rat et que les cellules intercalaires et principales
représentent des types cellulaires distincts dont chacun est défini
par des caracteristiques morphologiques plutfit constantes. Con-
trairement a des publications antérieures ii n'a pas dte observe
de preuve de ce qu'une modification du bilan des ions hydrogene
et potassium est associCe a one transformation de cellules princi-
pales en cellules intercalaires.
The epithelium of the collecting duct in the rat is
composed of at least two distinct cell types—light
or principal cells and dark or intercalated cells [1,
2]. The intercalated cells are less numerous, and
morphologically more complex, than the principal
cells, and unlike the principal cells, they are found
in significant numbers only in the cortex and outer
medulla. The ultrastructural differences between
the two cells are characterized well in previous
studies, but their physiologic features remain to be
defined.
Studies during the past three decades have led to
the suggestion that intercalated cells may be in-
volved in the maintenance of potassium balance and
acid-base homeostasis. In chronic hypokalemia [3—
6], their number is said to increase, and numerous
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"intermediate" cell types, that is, cells with fea-
tures of both intercalated and principal cells, are
said to appear. These morphologic studies, how-
ever, were largely qualitative in nature and were not
accompanied by physiologic observations to char-
acterize the condition being evaluated. In many in-
stances, the structural changes ascribed to hypoka-
lemia were not quantified.
Acute disturbances of acid-base homeostasis
have also been reported to cause structural changes
in the collecting duct [7, 8]. The relative number of
intercalated cells was reported to increase rapidly
during acute metabolic alkalosis and acute respira-
tory acidosis in the rat, presumably in response to
enhanced transport of bicarbonate. In certain in-
stances, however, these studies failed to provide
sufficient physiologic data for making structural-
functional correlations.
The purpose of these experiments was to provide
a systematic study of the morphologic response of
the rat collecting duct to well-defined conditions of
acute and chronic acid-base disturbances and to al-
terations of potassium balance. Light microscopy
was used to acquire morphologic data at the cellular
level by differential counting of intercalated and
principal cells. Scanning electron microscopy was
also used to detect any major ultrastructural
changes on the luminal cell surface associated with
the experimental conditions.
Methods
The studies were performed on nonfasted, fe-
male, Holtzman Sprague-Dawley rats, each weigh-
ing 200 to 300 g. All animals were anesthetized i.p.
with sodium pentobarbital (45 mg/kg of body wt) be-
fore undergoing tracheostomy and cannulation of
the carotid artery and jugular vein. They were
placed on a thermostatically controlled warming
table that maintained their body temperature at
350 C 2° C. After a midline laparotomy incision
was made, the urinary bladder and the distal ab-
dominal aorta were cannulated. A hypertonic so-
dium chloride solution (osmolality, 400 mOsm/kg
H20) was given i.v. in small intermittent doses (to-
tal dose, 1 ml/lOO g of body wt) to replace their esti-
mated fluid losses during the surgical preparation.
Their mean arterial blood pressures were monitored
throughout the entire procedure with a Statham
pressure transducer (model no. P23Db, Statham In-
struments, Div. Gould Inc., Oxnard, California).
When surgery was completed, they were given, ex-
cept as indicated below, a muscle relaxant (tubo-
curarine chloride, E. R. Squibb & Sons, Princeton,
New Jersey) at an initial i.v. dose of 0.12 mg, and
they were placed on a mechanical respirator (model
no. 680, Harvard Apparatus, Co., Inc., Millis, Mas-
sachusetts). Additional doses of the muscle relaxant
were given as needed. Unless otherwise indicated,
acute experiments lasted 4 to 5 hr before tissue fix-
ation. Seven groups of animals were studied.
Control animals. Six animals were studied during
a continuous infusion of hypertonic sodium chloride
(osmolality, 400 mOsm/kg H20) at a rate of 0.1 to
0.2 mllmin. The inspired gas mixture was 30% oxy-
gen and 70% nitrogen, and the respirator was ad-
justed to maintain the blood Pco2 at approximately
40 mm Hg. Timed urine collections were obtained
anaerobically throughout the experimental period
of 4 to 5 hr. At the completion of the experiment, in
vivo retrograde perfusion fixation of the kidneys
was performed with a 6.25% glutaraldehyde solu-
tion buffered in 0.1 M sodium cacodylate (os-
molality, 960 m0sm/kg H20) as previously de-
scribed [9]. A second group of three control animals
underwent identical surgical preparation, but they
underwent perfusion fixation of their kidneys imme-
diately alter surgery was completed. These animals
were not mechanically ventilated, and they re-
ceived only the fluid replacement given all animals
during surgery. Arterial blood gasses, pH, hemato-
crit, and electrolyte determinations were made in all
animals just prior to fixation of the kidneys.
Acute respiratory acidosis. Six animals were pre-
pared like the mechanically ventilated control ani-
mals except the inspired gas mixture was adjusted
to contain 10% carbon dioxide, 30% oxygen, and
60% nitrogen. The average respiratory rate of 40/
mm and tidal volume of 3 cm3 were adjusted to
maintain a blood Pco2 of approximately 80 mm Hg.
Acute metabolic alkalosis. Surgical preparation
and ventilation of these six animals were identical
to those of the control rats. Each animal received an
i.v. infusion of 1.65% sodium bicarbonate (os-
molality, 400 m0sm/kg 1120) at a rate of 0.1 to 0.2
ml/min during the experimental period of 4 to 5 hr.
Chronic ,netabolic acidosis. Four animals were
allowed free access to normal rat chow, but re-
ceived 0.5 N ammonium chloride as their drinking
water during the 15 days prior to acute experimen-
tation. For 3 to 4 days prior to the acute study, each
animal received a daily gavage of 2 N ammonium
chloride (2 mEq/100 g of body wt). Surgical prepa-
ration was identical to that of the nonventilated con-
trol animals. Immediately following surgery, arteri-
al blood gases, pH, and electrolyte determinations
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were made, and the kidneys were then subjected to
intravascular perfusion fixation.
Chronic potassium loading. Chronic hyper-
kalemia was induced in six animals by adding 0.1 M
potassium chloride to the drinking water for 3 to 4
weeks prior to acute experimentation. They also re-
ceived potassium supplements in their solid food,
which amounted to a total potassium intake of ap-
proximately 25 mEq/day for 22 to 29 days. Surgical
preparation, blood gas, pH, and electrolyte mea-
surements, and tissue fixation were identical to
those of nonrespired control animals.
Chronic potassium depletion. Chronic potassium
depletion with hypokalemia was induced in two
groups of five rats each. In the first group, animals
had free access to tap water and were fed a diet that
was low in potassium (Diet #5850C6F4, Ralston
Purina Co., St. Louis, Missouri) for a period of 22
to 30 days. In a second group, the animals were fed
the same low-potassium diet for 21 to 30 days, but
they received 0.1 N ammonium chloride as drinking
water to prevent the development of an associated
metabolic alkalosis. In both groups of animals, sur-
gical preparation, blood gas, pH, and electrolyte
measurements, and tissue fixation were identical to
those in nonrespired control animals.
Tissue preparation. Following in vivo intra-
vascular perfusion for 10 to 15 mm, each kidney
was excised and fixed for an additional 4 hr in the
same fixative solution. The tissue was then rinsed
for at least 18 hr in 0.1 M sodium cacodylate buffer
with 7.5% sucrose. Representative blocks of tissue
obtained from the cortex, outer medulla, inner me-
dulla, and the papillary tip were postfixed in 1% os-
mium tetroxide for 1 hr before being processed for
light microscopy [9]. Tissue for scanning electron
microscopy was prepared as previously described
[9].
Morphometric techniques. The percentage of in-
tercalated cells in the epithelium of collecting ducts
in the cortex and outer medulla of each kidney was
determined by light microscopic examination of 1-
p-thick Epon sections stained with toluidine blue.
The total number of principal and intercalated cells
in each collecting duct was counted without knowl-
edge of the experimental condition being examined.
To be included in the study, at least 100 collecting
duct epithelial cells had to be available for counting
from each region of every kidney. Cell counts were
performed independently by two investigators
(GPH and CCT) and were found to be reproducible
and in close agreement (±2%). The number of inter-
calated cells was also evaluated in the inner medul-
lary collecting duct, but their actual and relative
number was too small to permit valid quantitation.
To establish that the counting technique used pro-
vided consistent results from one section to another
in each animal, we subjected the actual counts ob-
tained from all tissue sections in each animal to the
x2 test. Using this analysis, one would expect 5% of
the tests to be significant at the 5% level. Of the
three regions (cortex, outer stripe of outer medulla,
and inner stripe of outer medulla) that were studied
in each of the 41 animals, only one had a variation in
counts significant at the 5% level. Therefore, exces-
sive variation in actual counts of intercalated cells
from one tissue section to another was not ob-
served, thus validating the morphometric approach
used for data collection. To determine if epithelial
cell proliferation had occurred, we determined the
total number of nucleated cells in representative
cross-sections of collecting ducts for each group of
animals.
Intercalated cells were identified by the presence
of prominent microvilli on their luminal surface,
and a generally densely staining cytoplasm contain-
ing increased numbers of mitochondria and lyso-
somes. These organelles were usually positioned
lateral to and above the basally placed nucleus.
Apical vacuoles often were observed in the cells,
especially in the cortical collecting duct, but with
much less frequency in the outer medullary collect-
ing duct. The intercalated cells frequently stood in
relief above the adjacent principal cells and usually
demonstrated a convex luminal surface, especially
in the outer medulla. Although variation in certain
of these morphologic features was observed, it was
not so extensive as to preclude distinguishing be-
tween the two cell types by light microscopy.
Concentrations of sodium and potassium in
plasma and urine were determined by flame pho-
tometry (model 143, Instrumentation Laboratory,
Inc., Lexington, Massachusetts). Urine pH and
Pco2 and blood pH, Pco2, and P02 determinations
were performed with a pH blood gas analyzer (mod-
el 213, Instrumentation Laboratory). Plasma bi-
carbonate concentrations were calculated from the
pH and Pco2 data by the Henderson-Hasselbalch
equation.
Statistical methods. Morphologic data were ana-
lyzed by the Wilcoxon test and physiologic data by
independent t test for comparisons between groups
of animals. Both tests were adjusted for the effect of
multiple treatments being compared to one control
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by the Bonferroni method of multiple comparisons.
Data are expressed as the means SEM. and P val-
ues less than 0.05 were considered significant.
Results
Disturbances of acid-base balance: (1) Physio-
logic observations (Table 1). Animals that were me-
chanically ventilated (controls, acute respiratory
acidosis, and acute metabolic alkalosis) were main-
tained in a state of mild osmotic diuresis (700
mOsmlkg H20) during the experimental period and
at the time of tissue fixation. Nonventilated animals
(controls and chronic metabolic acidosis) were anti-
diuretic (1400 mOsm/kg H20) at the time of kidney
fixation. In those control and experimental groups
(acute respiratory acidosis and acute metabolic al-
kalosis) receiving 4 to 5 hr of infusion before tissue
preservation, urine flow (V) and absolute urine so-
dium excretion (UNaV) were similar, indicating that
the degree of extracellular volume expansion was
comparable. The blood pH, Pco2, bicarbonate, and
potassium measurements were also comparable in
both groups of control animals (ventilated and in-
fused and nonventilated and nonperfused). With the
induction of acute respiratory acidosis in ventilated
animals, the mean values for blood pH, Pco2, and
bicarbonate concentration were 7.00, 94.5 mm Hg,
and 23.4 mEq!liter, respectively. The mean urine
pH was 5.44 in respired and infused control animals
and 5.38 in the animals with acute respiratory acido-
sis (P> 0.05). The acute metabolic alkalosis induced
by the i.v. infusion of 1.6% sodium bicarbonate
was profound. Blood pH, Pco2, and bicarbonate
were 7.61, 39.3 mm Hg, and 39.4 mEq/liter, respec-
tively. Urine pH was 7.84, a value significantly
greater than comparably prepared control animals
(P <0.05). Those animals in which a chronic meta-
bolic acidosis was produced by the oral administra-
tion of ammonium chloride had an equally profound
alteration of their acid-base status when compared
to the control group. The mean values for blood pH,
Pco2, and bicarbonate were 7.19, 41.0 mm Hg, and
15.6 mEq/liter, respectively. Urine pH was 5.63
versus 5.98 in nonrespired control animals.
(2) Morphologic observations (Table 2 and Figs.
I to 3). In control animals light microscopy revealed
Table 1. Physiologic observations during disturbances of acid-base balancea
Blood Urine
Pco2 Bicarbonate V UNV
Study group pH rn/n Hg mEqiliter pJ/rnin pEqimin pH
Control, infused (N = 6) 7.36 37.6 21.1 36.6 7.6 5.44
Control, noninfused (N = 3) 7.37 43.8 23.9 — — 5.98
Acute respiratory 7.00 94.5 23.4 46.3 12.8 5.38
acidosisN = 6)
Acute metabolic 7.61 39.3 39.4 54.5 14.8 7.84
alkalosis(N = 6)
Chronicmetabolic 7.19 41.0 15.6 — — 5.63
acidosis(N = 4)
a Values are means SEM. N denotes number of animals.
Table 2. Morphologic data in animals with acid-base disturbancesa
Outer medulla
Cortex Outer stnpe Inner stripe
Study group % % %
Control, infused (N = 6) 38.6 1.1 38.5 0.8 36.4 1.1
Control, noninfused (N = 3) 38.6 1.4 39.4 0.1 36.4 3.5
Control, all animals (N = 9) 38.6 0.8 38.8 0.5 36.4 1.2
Acute respiratory acidosis (N = 6) 38.9 0.9 38.9 1.3 39.4 1.2
Acute metabolic alkalosis (N = 6) 42.8 1.7 39.2 0.8 39.8 1.3
Chronic metabolic acidosis (N = 4) 36.3 0.6 37.9 1.5 33.9 0.7
a Numbers represent mean percentage SEM of all collecting duct epithelial cells counted in a specified region that are intercalated
cells. N denotes number of animals.
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Fig. 1. Photomicrographs of rat kidney cortex depicting the appearance of the collecting duct under a control conditions, and after
induction of bacute respiratory acidosis, c acute metabolic alkalosis, and d chronic metabolic acidosis. In Fig. lathe intercalated cells
are indicated by asterisks. (Magnification, x 750)
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Fig. 2. Photomicrographs of the outer medulla of rat kidney illustrating the appearance of the collecting duct under a control conditions,
and after induction of b acute respiratory acidosis, c acute metabolic alkalosis, and d chronic metabolic acidosis. In Fig. 2a the
intercalated cells are indicated by asterisks. (Magnification, x750)
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Fig. 3. Scanning electron micrographs of the outer medullary collecting duct of rat kidney, illustrating the appearance of the luminal
surface of intercalated cells (asterisks) with numerous microplicae and occasional microvilli and principal cells with short stubby micro-
t'illi and a central cilium under a control conditions (magnification, Xl,900); and b after induction of acute respiratory acidosis
(magnification. x2,OOO)
that the intercalated cells were distributed evenly
throughout the cortical and outer medullary regions
of the collecting duct. In both infused and non-
infused control animals, these cells represented ap-
proximately 36 to 40% ofall epithelial cells forming
the collecting duct in the cortex and the outer and
inner stripes of the outer medulla. The number of
intercalated cells in the collecting duct rapidly di-
minished distal to the junction between the outer
and inner medulla. These cells were rarely found in
any animal distal to the most proximal 1 mm of the
inner medullary collecting duct. Quantification of
the relative numbers of intercalated cells in the cor-
tical and outer medullary segments of the collecting
duct in those animals subjected to acute respiratory
acidosis and acute metabolic alkalosis and chronic
metabolic acidosis failed to reveal any statistically
significant differences from the appropriate control
animals. In addition, the average total number of
nucleated epithelial cells in cross-sections of col-
lecting ducts did not vary significantly between con-
trols and experimental groups.
Qualitative examination with scanning electron
microscopy of animals in the control and the three
experimental groups did not reveal any consistent
morphologic differences in the appearance of the
collecting duct. The surface structures of both the
principal cells and the intercalated cells were simi-
lar among the various groups of animals (Fig. 3).
Although there was considerable variation in both
the number and size of microvilli and microplicae
on the surface of the intercalated cells, this varia-
tion was independent of the physiologic condition
of the animal and was evident also in control ani-
mals.
In none of the experimental groups were the num-
ber of intercalated cells or the morphology of the
epithelium altered in the distal convoluted tubule or
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the inner medullary collecting duct when compared
to control animals as viewed with light microscopy.
Disturbances of potassium balance: (I) Physio-
logic observations (Table 3). All animals in these
experimental and control groups were studied im-
mediately after surgery in the absence of a pro-
longed intravenous infusion. Potassium-loaded rats
had normal serum concentrations of potassium. En-
hanced renal potassium excretion, however, was
demonstrated by an elevated urine potassium con-
centration and a greatly increased ratio of potas-
sium to sodium concentration in the urine. Blood
bicarbonate and urine pH values were not different
from control animals (P > 0.05). Those rats fed a
diet deficient in potassium, but otherwise normal,
for 20 to 30 days (mean 22 days) developed a meta-
bolic alkalosis concomitantly with severe hypoka-
lemia. The separation of models of chronic hypoka-
lemia with and without an associated metabolic al-
kalosis was achieved by supplementation of the
potassium-deficient diet with ammonium chloride.
Serum and urine values for potassium suggest that
equally severe degrees of potassium deficiency
were attained in both groups of animals, however.
(2) Morphologic observations (Table 4 and Fig.
4). The relative numbers of intercalated cells were
not found to be significantly greater in potassium-
loaded or potassium-depleted animals when com-
pared to the appropriate control animals. In the cor-
tex and outer medulla, they comprised approxi-
mately 32 to 39% of all epithelial cells. In the potas-
sium-depleted animals, with or without metabolic
alkalosis, the percentage of intercalated cells in the
collecting duct was actually less than it was in con-
trol animals. The differences, however, were not
statistically significant when compared to values
obtained in nonrespired and noninfused control ani-
mals. In addition, examination of the distal con-
voluted tubule and the inner medullary segments of
the collecting duct did not suggest any change in
relative numbers of intercalated cells in these re-
gions of the nephron in the three experimental
groups, although quantification within these regions
was not undertaken.
Qualitative evaluation with scanning electron mi-
croscopy of the morphology of the luminal surface
of collecting ducts of chronically potassium-loaded
animals failed to demonstrate any appreciable dif-
Table 3. Physiologic observations during disturbances of potassium balancea
Blood Urine
Potassium Bicarbonate Potassium Sodium
Study group mEqiliter ,nEq/liter mEqiliter mEqiliter pH
Control,noninfused(N = 3) 4.0 23.9 175 120 5.98
Potassium depletion without metabolic 1.5 23.7 3.3 11.2 5.82
alkalosis(N = 5)
Potassium depletion with metabolic 1.3 27.9 1.0 47.0 6.00
alkalosis(N 5)
Potassium loading (N = 6) 3.8 23.3 432 40.5 5.73
a All values were obtained just prior to tissue fixation and represent the means SEM. N denotes number of animals.
Table 4. Morphologic data from animals with disturbances of potassium balancea
Outer medulla
Cortex Outer stripe Inner stripe
Study group % % %
Control, noninfused (N = 3) 38.6 1.4 39.4 0.1 36.4 3.5
Control, all animals (N = 9) 38.6 0.8 38.8 0.5 36.4 1.2
Potassium depletion without metabolic alkalosis
(N = 5) 34.1 1.5 34.3 1.3 35.1 1.8
Potassium depletion with metabolic alkalosis
(N = 5) 36.1 2.0 32.7 1.1 33.1 1.5
Potassium loading (N = 6) 38.6 1.4 37.1 0.6 34.5 1.2
a Numbers represent mean percentage SEM of all collecting duct epithelial cells counted in a specified region that are intercalated
cells. N denotes number of animals.
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surface changes were not found in any other group
of experimental animals. Despite the presence of
occasional polyp-like projections of swollen epithe-
hal cells in the lumen of the outer medullary collect-
ing duct (Fig. 4), no evidence of actual epithelial cell
proliferation was found. Mitotic figures and binu-
cleate cells were rare among both cell types and
were not more prevalent than they were among con-
trol animals. In addition, the average total number
of nucleated epithelial cells comprising cross-sec-
tions of collecting ducts in the outer medulla was
not increased in either potassium-loaded or potas-
sium-depleted animals when compared to control
animals.
Discussion
This study examined the morphologic response of
the collecting duct to well-defined disturbances of
potassium and acid-base balance in an effort to de-
termine whether morphologic changes of inter-
calated cells or principal cells or both may be re-
lated to changes of acid-base and potassium bal-
ance. Our results suggest that intercalated cell
populations remain constant in number and distri-
bution in response to a variety of acute and chronic
metabolic disturbances. These findings contrast
with the results of certain earlier investigations that
reported hypokalemia [3, 5], acute respiratory acido-
sis [7, 8], acute metabolic alkalosis [7, 8], and os-
motic diuresis [7] all to be associated with an in-
crease in the number of intercalated cells in the dis-
tal tubule and various segments of the collecting
duct.
Fig. 4. Scanning electron micrograph from a rat with potassium
depletion depicting hypertrophy of intercalated cells in a seg-
ment of collecting duct from the inner stripe of the outer medulla
(magnification, xl 500).
ferences from control animals. Intercalated cells ex-
hibited the usual variations in apical surface struc-
ture.
Several striking morphologic features were ob-
served in the potassium-depleted animals with and
without metabolic alkalosis (Fig. 4). The most
prominent structural change was extensive swelling
of the epithelium of the collecting duct. Gross cellu-
lar swelling involved both cell types, but was gener-
ally confined to the outer medullary segment of the
collecting duct. Intercalated cells in the outer me-
dulla, particularly in the inner stripe of the outer
medulla, possessed extensive, luxuriant micro-
phicae over the entire luminal cell surface. These
A response of the cortical distal tubule and col-
lecting tubule to acid-base disturbances was first de-
scribed by Richet, Hagege, and Gabe [7, 8]. These
investigators reported a 100% increase in the num-
ber of intercalated cells in the rat distal tubule (in-
cluding the distal convoluted tubule and the cortical
collecting tubule) less than 5 hr after sodium bi-
carbonate administration, and a 200% or greater in-
crease above control animals after induction of
acute respiratory acidosis over the same period of
time. Similar findings were seen following potas-
sium bicarbonate loading, but were not seen after
administration of equivalent amounts of sodium
chloride or potassium chloride [7]. These findings
did not appear to be related to urine alkalinization
itself, because neither THAM nor acetazolamide ad-
ministration was found to cause comparable mor-
phologic alterations despite the induction of similar-
ly elevated values for urine pH. It was suggested
that intercalated cells were somehow involved in bi-
.1
ci
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carbonate transport. Also, the rapid increase in in-
tercalated cells that was unaffected by colchicine
administraiton was felt to represent evidence favor-
ing the conversion of principal cells to intercalated
cells, thus prompting the suggestion that the two do
not represent different cell types, but rather are the
reflection of different functional responses of a
single cell [7, 8].
Although certain differences exist between our
experimental design and those of the earlier investi-
gations [7, 8], they do not appear to represent a
likely explanation for the differences in results. In
contrast to the earlier studies [7, 8], all of our ani-
mals subjected to acute metabolic alkalosis and
acute respiratory acidosis were mechanically venti-
lated. Where comparisons are possible, however,
blood gas and pH values and urine pH values are
similar. For example, in acute metabolic alkalosis,
blood values were not given, but urine pH was 8 to
8.5 [7] versus 7.84 in our study. In acute respiratory
acidosis, blood pH and Pco2 ranged from 6.99 to
7.17 and 65 to 115 mm Hg, respectively [7], versus
7.00 and 94 mm Hg in our study. Urine pH values
were not provided [7]. The animals seem to have
experienced a comparable physiologic "stress" in
the two studies.
The region of the renal tubule that we evaluated
quantitatively was not exactly the same as that of
earlier investigations [7, 8], although considerable
overlap did occur. Richet et al examined the distal
tubule beyond the loop of Henle; that is, that region
of the renal tubule beginning just beyond the macula
densa [7] and including the cortical collecting tu-
bule. Our quantitative evaluations included the cor-
tical collecting tubule as well as the remainder of
the collecting duct system extending to the papillary
tip. Also, our qualitative microscopic observations
were made on the distal convoluted tubule. It seems
likely that a 200% or greater increase in the number
of intercalated cells as reported previously [7]
would have been detected even qualitatively had
they been present in our animals.
Richet et al also reported that the number of in-
tercalated cells was increased with the induction of
an osmotic diuresis (possibly through the delivery
of an increased load of bicarbonate to the distal
nephron) [7]. In our study, all control and experi-
mental animals undergoing mechanical ventilation
and intravenous infusion were in a state of mild os-
motic diuresis. Counts of intercalated cells in these
animals, however, were no different from those ob-
tained in the hydropenic control animals not sub-
jected to infusion or ventilation prior to sacrifice. In
addition, our values for intercalated cells in collect-
ing ducts of control animals corresponded very
closely to those reported for the rat by Hancox and
Komender [10]. Thus, we were unable to demon-
strate an increase in the number of intercalated cells
in response to an osmotic diuresis.
The effect of chronic disturbances of potassium
balance on the histology of the distal nephron was
also examined. Several groups of investigators
demonstrated that potassium is transported, in the
rat, by the collecting duct [11—17] and alterations of
potassium balance influence ammonia production
[18—22] and mineralocorticoid activity in the distal
nephron [23, 24]. In our experiments, neither potas-
sium loading nor potassium depletion produced a
significant increase in the number of intercalated
cells in any region of the collecting duct.
The morphology of hypokalemic nephropathy
has been described by several investigators during
the past quarter century [3—6, 25—27]. Histologic le-
sions consistently identified during potassium de-
pletion in the rat have included swelling and some-
times degeneration of epithelial cells in the outer
medullary collecting duct and multivesicular body
formation among all the cellular components of the
inner medulla and papilla. Ordonez and Spargo [5]
reported the initial scanning electron microscopic
studies of hypokalemic nephropathy in the rat and
observed that many epithelial cells in the inner
stripe of the outer medulla demonstrated a pattern
of luminal surface morphology "intermediate" be-
tween principal cells and intercalated cells. From
these observations, they concluded that these were
not separate cell types, but represented different
forms of a single cell line.
Several investigators also reported that a prolifer-
ation of epithelial cells of the collecting duct occurs
in response to chronic potassium depletion [3, 4, 6].
Despite, however, a profound degree of potassium
depletion comparable to that attained in most ear-
lier studies of hypokalemic nephropathy, our find-
ings fail to support the results of these earlier re-
ports in which an increase in the number of inter-
calated cells was observed. The intercalated cells of
our potassium-depleted rats were not increased in
any region of the collecting duct examined, when
compared with normokalemic or potassium-loaded
animals. Hypertrophy of both cell types, however,
was present in the outer medulla, particularly in the
inner stripe. As previously described [5], occasional
groups of swollen epithelial cells protruded as a
polyp-like formation in the lumen. The polyp-like
projections did not represent epithelial cell hyper-
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plasia, however, because the average number of
cells that we counted in cross-sections of outer
medullary collecting ducts was no greater in potas-
sium-depleted rats than it was in control animals. In
addition, we find binucleate cells and cells with mi-
totic figures to be equally rare in potassium-deplet-
ed and control rats. Our study demonstrated that an
extreme functional adjustment by the distal renal
tubule, namely, the maximal conservation of potas-
sium, is not associated with an increase in the rela-
tive or actual number of intercalated cells. We em-
phasize, however, that these data do not exclude
participation in the renal handling of potassium by
the intercalated cell.
The present study has demonstrated that the mor-
phologic changes in the collecting duct of potas-
sium-depleted rats occur independently of associat-
ed acid-base disturbances. In the presence of com-
parable degrees of potassium depletion (see Table
3), no morphologic differences were discernible be-
tween those potassium-depleted animals with and
those without an accompanying metabolic alka-
losis. The findings obtained in those animals infused
with sodium bicarbonate compliment the results of
the potassium-depletion experiments in that the in-
tentional induction of acute metabolic alkalosis also
failed to cause detectable hyperplasia or hyper-
trophy of the principal cells or the intercalated cells
in the collecting duct. Sarkar and Levine [26] dem-
onstrated that severe potassium depletion without
metabolic alkalosis was associated with many of the
typical ultrastructural alterations that have been de-
scribed within the medulla, including the presence
of multivesicular bodies within endothelial cells, in-
terstitial cells, and the epithelial cells of the collect-
ing duct. These same investigators made, however,
no mention of the presence of hypertrophy of prin-
cipal or intercalated cells of the collecting duct such
as was seen in our study.
We also examined the effect of chronic potassium
loading on the morphology of the collecting duct,
because mineralocorticoid stimulation of the kidney
is increased during chronic hyperkalemia [23, 24],
an effect that should enhance potassium as well as
sodium transport. Urine electrolyte concentrations
in our chronically potassium-loaded rats indicated
that renal potassium excretion was maximal, sug-
gesting that the plasma concentration of mineral-
ocorticoids was elevated in these animals. The ab-
sence of a morphologic response by the collecting
duct in the form of an actual or relative increase in
the number of intercalated cells suggests that the
renal response to mineralocorticoid stimulation
does not include hyperplasia of the intercalated
cells in this region of the nephron. The findings do
not exclude, however, the possibility that either or
both cell types may respond to mineralocorticoid
stimulation. In fact, Wade et al [28] demonstrated
that chronic desoxycorticosterone acetate adminis-
tration in rabbits markedly increased the basolateral
component of the plasmalemma of principal cells in
the cortical collecting duct.
Summary. The response of the cortical and med-
ullary segments of the collecting duct has been eval-
uated during acute respiratory acidosis, acute meta-
bolic alkalosis, chronic metabolic acidosis, potas-
sium loading, and potassium depletion, with and
without an associated metabolic alkalosis. Contrary
to previous reports [3-8], no experimental condition
studied was found to significantly influence the ac-
tual or relative number of intercalated cells, or their
distribution in the collecting duct. Hypertrophy of
principal and intercalated cells observed during po-
tassium depletion was not dependent on an associ-
ated metabolic alkalosis. Under the experimental
conditions of this study, it would appear that inter-
calated cells represent a constant population of epi-
thelial cells in the collecting duct of the rat, and
intercalated and principal cells are two distinct cell
types. Although either or both cell types may be in-
volved in potassium, hydrogen ion, or bicarbonate
transport, no evidence was found that such involve-
ment is associated with a conversion of principal to
intercalated cells.
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